1. Introduction {#sec0001}
===============

Osteosarcoma is the most common form of primary malignant bone tumor [@bib0001], accounting for 2.4% of pediatric tumors and the eighth most common malignancy in adolescents. 15--30% pulmonary metastases are evident on presentation [@bib0002]. Current treatment modalities, including complete tumor resection combined with multiagent chemotherapy, have shown limited success [@bib0003]. Despite improvements in diagnosis and treatment, 5-year overall survival remains unchanged at 70% for localized and 30% for pulmonary metastatic patients [@bib0004], [@bib0005], [@bib0006], [@bib0007]. Pulmonary metastasis and tumor recurrence are the leading causes of death in patients with osteosarcoma and is difficult to treat. To date, a number of markers have been investigated that it has been suggested may predict tumor metastatic potential and prognosis of osteosarcoma patients. However, the majority are derived from the primary tumor or serum and therefore lack the precise information about the cells that are responsible for tumor metastasis \[[@bib0008],[@bib0009]\]. Circulating tumor cells (CTCs) are neoplastic and are shed from the primary tumor and thereafter enter the circulation. It has been established that CTCs are a major cause of tumor metastasis and recurrence in many types of tumor [@bib0010], [@bib0011], [@bib0012], [@bib0013], [@bib0014], [@bib0015], [@bib0016]. However, their clinical significance in osteosarcoma is unclear. There are few studies of CTCs in osteosarcoma, possibly due to the lack of an effective enrichment system for them [@bib0017]. Of the various platforms available, CellSearch from Janssen Diagnostics is the only system approved by the FDA and is appropriate for carcinomas only, based on EpCAM. The practicability of CellSearch has been widely verified in many studies and referred to as the gold standard for CTC enrichment in carcinoma [@bib0018], [@bib0019], [@bib0020]. However, the majority of enrichment systems, including CellSearch, evaluate the cell surface markers of epithelial tumor cells. Osteosarcoma is mesenchymal in origin. Although many makers are described in the literature, they require additional validation and are therefore not used in clinical practice, thus, enrichment of CTCs from peripheral blood using antibody-based detection of cell surface proteins remains unvalidated. Therefore, we utilized the CanPatrol™ System to enrich osteosarcoma CTCs, using a process similar to that reported for a number of other types of tumor [@bib0021], [@bib0022], [@bib0023], [@bib0024], [@bib0025]. The CanPatrol™ System combines physical filtration and molecular identification to enrich CTCs from peripheral blood [@bib0026].

Metastasis associated protein 1 (MTA1) is a component of the nucleosome remodeling and histone deacetylation (NuRD) complex [@bib0027], acting both as a transcriptional corepressor or coactivator of various tumor suppressor genes or oncogenes. It performs an essential role in cell survival, tumor invasion, epithelial-mesenchymal transition (EMT) and tumor metastasis [@bib0028]. MTA1 has been investigated in a number of tumors, including osteosarcoma, its overexpression having been established as associated with high-risk characteristics of osteosarcoma [@bib0029], [@bib0030], [@bib0031], [@bib0032], [@bib0033]. Park et al. compared the expression levels of MTA1 protein on primary bone with pulmonary metastatic lesions of osteosarcomas by immunohistochemistry, finding that MTA1 is possibly implicated in the progression of high-grade osteosarcoma, particularly in hematogenous metastasis of osteosarcoma \[[@bib0034],[@bib0035]\]. In the present study, we analyzed the relationships between MTA1 expression, CTC phenotype and tumor metastasis through a single-center, prospective study of patients with newly diagnosed osteosarcoma, in order to investigate the clinical significance of CTCs in osteosarcoma. The correlation between CTCs and the clinicopathological characteristics of osteosarcoma patients were investigated to ascertain whether CTCs can serve as a diagnostic and prognostic biomarker in osteosarcoma.

2. Materials and methods {#sec0002}
========================

2.1. Patient characteristics {#sec0003}
----------------------------

This study prospectively enrolled 30 newly-diagnosed osteosarcoma patients and 10 healthy donors that were attending Xijing Hospital, Xi\'an, China, from March 2015 to June 2016. Pathologically, all patients were diagnosed with osteosarcoma. The healthy donors had no history of malignant disease or infection at the time of drawing blood. For this study, written informed consent was obtained from all patients and healthy donors. Parents' consent was obtained for patients under 18 years of age. The study was approved by the Drug and Clinical Trial Ethics Committee, Xijing Hospital, The Air Force Military Medical University and registered in a public clinical trials management platform (Chinese Clinical Trial Register, [www.chictr.org.cn](http://www.chictr.org.cn){#interref0001}) as ChiCTR-OOC-15005925 (registration date: 28 January 2015).

2.2. Blood sample collection and CTC enrichment by size-based membrane filters {#sec0004}
------------------------------------------------------------------------------

Five mL midstream peripheral blood samples were collected into ethylenediaminetetraacetic acid (EDTA) tubes by venepuncture, then transferred into sample preservative tubes (Surexam Biotech, Guangzhou, Guangdong, China) containing ammonium chloride-based lysing buffer using a tailored connection device (Surexam Biotech, Guangzhou, Guangdong, China) and incubated at room temperature for 30 min. Erythrocytes were removed using a red blood cell lysis buffer (Sigma Aldrich, St. Louis, MO, USA). The sample preservative tubes were centrifuged then the cell pellets suspended in 5 mL PBS (Sigma Aldrich, St. Louis, MO, USA) containing 4% formaldehyde (Sigma Aldrich, St. Louis, MO, USA). Each cell suspension was passed through a filtration system consisting of a calibrated membrane with 8 µm diameter pores (Millipore, Billerica, MA, USA), a manifold vacuum plate with valve settings (Surexam Biotech, Guangzhou, Guangdong, China), an E-Z 96 vacuum manifold (Omega Biotech, Norcross, GA, USA) and a vacuum pump (Auto Science, Tianjin, China). The pump valve was opened to allow a vacuum of 0.08 MPa to maintain the filtering process and after blood filtration, the membrane with isolated CTCs was retained for further experimentation [@bib0026].

2.3. CTC classification by multiplex RNA in situ hybridization (RNA-ISH) assay {#sec0005}
------------------------------------------------------------------------------

Three groups of nucleic acid probes were established to examine the expression levels of epithelial and mesenchymal genes in CTCs using a multiplex RNA-*in situ* hybridization (RNA-ISH) assay. Group A probes comprised four pooled epithelial transcripts (CK8, 18 and 19 and EpCAM), group B probes had two mesenchymal transcripts (Vimentin and Twist) and group C had only a CD45 transcript, used only to distinguish white blood cells from CTCs. The nucleic acid probes were synthesized by Invitrogen (Shanghai, China) with the sequences shown in [Table 1](#tbl0001){ref-type="table"}. The hybridization assay was conducted as previously reported [@bib0026]. Briefly, the cells retained on the filter were permeabilized, digested with protease then subjected to a series of hybridization reactions with a cocktail of probes specific to the genes to be examined, followed by conjugation to branched DNA (bDNA) signal amplification probes. Finally, cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, St. Louis, MO, USA) and the samples analyzed using a fluorescence microscope with a 100x oil objective lens (Olympus BX53, Tokyo, Japan)Table 1Capture probe sequences for the EpCAM, CK8/18/19, vimentin, twist, CD45 and MTA1 genes.Table 1GenesSequences (5′→3′)EpCAMTGGTGCTCGTTGATGAGTCAAGCCAGCTTTGAGCAAATGAAAAGCCCATCATTGTTCTGGCTCTCATCGCAGTCAGGATCTCCTTGTCTGTTCTTCTGACCTCAGAGCAGGTTATTTCAG  CK8CGTACCTTGTCTATGAAGGAACTTGGTCTCCAGCATCTTGCCTAAGGTTGTTGATGTAGCCTGAGGAAGTTGATCTCGTCCAGATGTGTCCGAGATCTGGTGACCTCAGCAATGATGCTG  CK18AGAAAGGACAGGACTCAGGCGAGTGGTGAAGCTCATGCTGTCAGGTCCTCGATGATCTTGCAATCTGCAGAACGATGCGGAAGTCATCAGCAGCAAGACGCTGCAGTCGTGTGATATTGG  CK19CTGTAGGAAGTCATGGCGAGAAGTCATCTGCAGCCAGACGCTGTTCCGTCTCAAACTTGGTTCTTCTTCAGGTAGGCCAGCTCAGCGTACTGATTTCCTCGTGAACCAGGCTTCAGCATC  VimentinGAGCGAGAGTGGCAGAGGACCTTTGTCGTTGGTTAGCTGGCATATTGCTGACGTACGTCAGAGCGCCCCTAAGTTTTTAAAAGATTGCAGGGTGTTTTCGGGCCAATAGTGTCTTGGTAG  TwistACAATGACATCTAGGTCTCCCTGGTAGAGGAAGTCGATGTCAACTGTTCAGACTTCTATCCCTCTTGAGAATGCATGCATTTTCAGTGGCTGATTGGCACTTACCATGGGTCCTCAATAA  CD45TCGCAATTCTTATGCGACTCTGTCATGGAGACAGTCATGTGTATTTCCAGCTTCAACTTCCCATCAATATAGCTGGCATTTTGTGCAGCAATGTATTTCCTACTTGAACCATCAGGCATC  MTA1TTGTCTGTGAGTGGGTTGTGCACCAGGAACTGGTCGATCTTGGAACAGGGTGATGTCTCGCTTGTGGAGAGTATCCATGGCCTTGGAGATGTCGTAGATGAAAAGGTTGGCCTCTGATGCATATTTTTCCAGGGCTTCCTGAATGTCCGTGAAATCCTTC

2.4. Detection of MTA1 mRNA expression level in CTCs {#sec0006}
----------------------------------------------------

MTA1 mRNA expression levels in CTCs were detected using an RNA-ISH assay. A specific probe (sequence shown in [Table 1](#tbl0001){ref-type="table"}) was used to capture MTA1 mRNA, followed by conjugation to a bDNA signal amplification probe to create a branched structure. The results were analyzed with a fluorescence microscope using a 100x oil objective lens (Olympus BX53, Tokyo, Japan).

2.5. Histopathological and immunohistochemical (IHC) evaluation {#sec0007}
---------------------------------------------------------------

The expression of MTA1 in the osteosarcoma tissue was also detected using immunohistochemistry. Four µm sections sliced from paraffin-embedded osteosarcoma tissue of the 30 patients enrolled in the study were mounted on slides. IHC was conducted following a standard protocol. Briefly, the sections were deparaffinized using xylene and rehydrated in a concentration gradient of ethanol. Endogenous peroxidase activity was blocked using 3% hydrogen peroxide in 50% methanol for 10 min at room temperature. The sections were boiled in citrate buffer (0.01 M citric acid, pH 6.0) for 20 min at 95 °C in a microwave oven. The nonspecific binding sites were blocked by incubation in 10% normal goat serum in PBS for 20 min at 37 °C and sections were then incubated with rabbit monoclonal antibody against human MTA1 (1:50 dilution, Cell Signaling Technology, Danvers, MA, USA) overnight at 4 °C. Sections were then incubated with horseradish peroxidase (HRP)-conjugated antibody at room temperature for 30 min, followed by incubation with avidin-biotin complex for 30 min. Finally, each section was developed by the addition of 3,3′-diaminobenzidine tetrahydrochloride (DAB) reagent, counterstained with Mayer\'s hematoxylin, dehydrated through a concentration gradient of ethanol, then sealed with a coverslip. Appropriate positive and negative controls were tested in parallel. Images were captured using a light microscope.

The immunohistochemical evaluation of MTA1 expression was semiquantitative. The percentage of positive cells and staining intensity were calculated from 5 fields (× 200 magnification) for each section. The percentage of positively-stained cells was scored from 0 to 4 (0: 0% cells stained; 1: 1--25%; 2: 26--50%; 3: 51--75%; 4: 76--100%). The staining intensity of MTA1 was scored as 0 (negative), 1 (weak), 2 (moderate) or 3 (strong). The final evaluation score (0--7) was the addition of the intensity and percentage scores, which was then converted into sum indices −(0--1), + (2--3), ++ (4--5) or +++ (6--7). For statistical analysis, low MTA1 expression was defined as − or +, whereas high MTA1 expression was represented by ++ or +++. Immunohistochemical evaluation was performed by two independent pathologists who were blinded to the clinical and pathologic information.

2.6. Cell lines and cell culture {#sec0008}
--------------------------------

The HOS cell line (ATCC®, CRL-1543TM, human osteosarcoma-derived) was used in this study. Cells were cultured in RPMI-1640 medium (VWR, Radnor, PA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco/Life Technologies, Carlsbad, CA, USA) and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in T25 culture flasks (Corning, Manassas, VA, USA) using standard culture conditions (humidified atmosphere of 5% CO~2~ and 95% air). Cells were subcultured at a ratio of 1:6 then used in experiments after reaching 90% confluence.

2.7. Spiking experiments {#sec0009}
------------------------

The HOS cell line was used in spiking experiment. Firstly, the cells were harvested then washed with PBS containing 2 mM EDTA (Sigma Aldrich, St. Louis, MO, USA). The cells were suspended in RPMI-1640 medium (VWR, Radnor, PA, USA) at a ratio of 1 cell per 2 µL. Then 0, 10, 30, 50 and 100 HOS cells were spiked into 5 mL of blood from healthy donors to analyze the enrichment efficiency and specificity of the CanPatrol™ System. The experiment was repeated 5 times for each rate of cell spiking.

2.8. Statistical analysis {#sec0010}
-------------------------

Data are presented either as median and range (or mean ± S.D.) for continuous variables or as frequencies and proportions for categorical variables. The normal distribution of each data set was confirmed using a Kolmogorov-Smirnov test. An unpaired homoscedastic student\'s *t*-test was used to assess the statistical significance between ordinal variables. An independent-samples *t*-test was used to analyze the relationship between CTC count at baseline and tumor metastasis. The relationship between the ratio of mesenchymal CTCs and tumor metastasis was examined using a chi-square test. Progression free survival (PFS) was defined as the time from pathological diagnosis to the date when clinical progression was confirmed or censored at a follow-up appointment. Kaplan-Meier survival plots for PFS were generated based on CTC count after surgery, then compared using log-rank tests. To determine a CTC cut-off level that best predicted rapid progression of the disease, cut-off values of 1--8 CTCs per 5.0 mL of peripheral blood were correlated with PFS, then confirmed using a Cox proportional hazards ratio and 95% confidence intervals (CI). A Fisher\'s exact test was employed to analyze the relationship between variation in CTC count and response to neoadjuvant chemotherapy, and additionally, the relationship between the MTA1 expression of osteosarcoma tissue and patient clinical characteristics. The expression levels of MTA1 in different phenotypes of CTCs were examined using a chi-square test. All statistical calculations were performed using GraphPad Prism (Version 6.0; La Jolla, CA, USA). P values \< 0.05 were considered statistically significant.

3. Results {#sec0011}
==========

3.1. Patient demographics, medical history and disease characteristics {#sec0012}
----------------------------------------------------------------------

A total of 30 osteosarcoma patients diagnosed between March 2015 and June 2016 were prospectively enrolled in the study. The detailed patient demographics and clinicopathological characteristics of the patients are shown in [Table 2](#tbl0002){ref-type="table"}. After pathological examination and diagnosis all patients received four cycles of first-line neoadjuvant chemotherapy with ifosfamide (12 g/m^2^) or a combination of cisplatin and adriamycin (45 and 60 mg/m^2^, respectively), followed by surgery. The patients then received 6--10 cycles of the chemotherapy dose received as neoadjuvant treatment, following surgery. X-ray and chest computed tomography (CT) scans were performed to screen for tumor metastasis and recurrence. At present, the clinical outcome of all 30 patients can be assessed. Median patient follow-up time was 20.5 months and median survival time was 14.5 months.Table 2Patient demographics, medical history and disease characteristics.Table 2DemographicsValue (*N*)(%)Gender Male1756.7% Female1343.3%Age \<182273.3% ≥18826.7%Tumor site Femur1860.0% Tibia930.0% Fibula13.3% Humerus26.7%Pathological type Fibroblastic osteosarcoma930.0% Osteoblastic osteosarcoma1550.0% Chondroblastic osteosarcoma620.0%Ennecking stage Ⅱ2170.0% Ⅲ930.0%Metastasis at diagnosis Negative2170.0% Positive930.0%Postoperative chemotherapy Yes30100% No00

3.2. Detection and classification of CTCs in peripheral blood {#sec0013}
-------------------------------------------------------------

CTCs were classified as epithelial, mesenchymal or biphenotypic (epithelial/mesenchymal), depending on the expression of markers detected by the RNA-ISH assay ([Fig. 1](#fig0001){ref-type="fig"}). Notably, no CTC phenotype was detected in healthy donor blood, but CTCs were found in the peripheral blood of patients.Fig. 1MTA1, CD45, EpCAM, CK8/18/19, vimentin and twist expression in circulating tumor cells from osteosarcoma patients. Red fluorescence: expression of the epithelial biomarkers EpCAM and CK8/18/19; green: expression of the mesenchymal biomarkers vimentin and twist; purple: expression of MTA1; bright blue fluorescence: expression of the leukocytic biomarker CD45. A: leukocyte; B: epithelial CTC; C: biphenotypic epithelial/mesenchymal CTC; D: mesenchymal CTC. (Magnification: 100X).Fig 1

3.3. CTC count at baseline and its correlation with clinicopathological characteristics {#sec0014}
---------------------------------------------------------------------------------------

CTCs were detected at baseline in 28 out of the 30 patients. The median number of CTCs in 5 mL of blood at baseline was 6 (range, 0--20) with mean ± *S*.D. of 6 ± 5. In addition, CTCs were detected significantly more frequently in metastatic vs localized osteosarcoma patients, as shown in [Fig. 2](#fig0002){ref-type="fig"} (*p* = 0.0025). However, no correlation was found between of CTC count and any other clinicopathological characteristic, such as gender, age or tumor site.Fig. 2Number of CTCs in the group of patients with metastasis vs. localized osteosarcoma at baseline (*n* = 9 and 21, respectively). A statistically significant difference was found between the groups (*P* = 0.0025, unpaired homoscedastic student\'s *t*-test).Fig 2

3.4. Variation in CTC count and its relationship to the response to neoadjuvant chemotherapy {#sec0015}
--------------------------------------------------------------------------------------------

All patients received neoadjuvant chemotherapy after pathological diagnosis. At present, evaluation of the response to neoadjuvant chemotherapy is based on tumor size, their boundaries, calcification and pain. Positive response includes no increase in tumor size or calcification with clear boundaries and relief from pain, while the reverse outcomes are characterized as a negative response. Amongst the 30 enrolled patients, 21 demonstrated a positive response, with 9 exhibiting negative characteristics in response to neoadjuvant chemotherapy. We also analyzed the variation in CTC count between these time nodes, i.e., at baseline and after neoadjuvant chemotherapy. Our findings reveal that variation in CTC count was significantly related to the response to neoadjuvant chemotherapy. The count decreased in patients who showed a positive response to neoadjuvant chemotherapy ([Table 3](#tbl0003){ref-type="table"}, *p* = 0.0016).Table 3Relationship between variation in CTC count and response to neoadjuvant chemotherapy (Fisher\'s exact test).Table 3Response to neoadjuvant chemotherapyVariation of CTC count*P* valueIncreaseDecreasePositive5160.0016Negative81

3.5. CTC count after surgery and its correlation with patient prognosis {#sec0016}
-----------------------------------------------------------------------

All 30 patients received surgical treatment after neoadjuvant chemotherapy. The median number of CTCs in the peripheral blood of patients after surgery was found to be 5 (range: 0--12) with a mean ± *S*.D. of 5 ± 3. To establish the optimal threshold of CTCs that most clearly predicted patient prognosis, a Cox proportional hazards ratio was estimated. This analysis revealed that, at a cut-off of 7 CTCs per 5.0 mL of blood, the Cox proportional hazards ratio reached a plateau relative to higher cut-off values. At 7, the log-ranked cut-off hazard ratio was 3.295 with 95% CI of 1.406 to 11.19. Patients with ≥7 CTCs per 5.0 mL after surgery had a median PFS of 11 months compared to 18 in patients with \<7 CTCs per 5.0 mL ([Fig. 3](#fig0003){ref-type="fig"}, *P* = 0.0116). Thus, a cut-off of 7 CTCs per 5.0 mL after surgery should be adopted as the value to distinguish unfavorable or favorable patient prognosis.Fig. 3Kaplan--Meier plot of progression-free survival in OS patients using a cut-off of 7 CTCs per 5.0 mL peripheral blood. The group with ≥7 CTCs had median progression-free survival of 11 months, whereas the group with \<7 CTCs had median progression-free survival of 18 months \[*p* = 0.0116, hazards ratio (log-rank) = 3.295, 95% CI of hazards ratio: 1.406--11.19\].Fig 3

3.6. Ratio of different CTC phenotypes and its correlation with tumor metastasis {#sec0017}
--------------------------------------------------------------------------------

Also analyzed was the relationship between the ratio of the different phenotypes of CTCs and tumor metastasis at baseline. As shown in [Table 4](#tbl0004){ref-type="table"}, the results revealed that the ratio of mesenchymal CTCs in metastatic osteosarcoma patients is higher than that in localized patients (*p* = 0.0103), suggesting that mesenchymal CTCs possibly perform an important role in tumor metastasis.Table 4Ratios of the different phenotypes of CTCs in patients with metastasis vs. localized osteosarcoma at baseline (Chi-square test).Table 4Tumor metastasisDifferent phenotypes of CTCs*P* valueEpithelialBiphenotypic epithelial/mesenchymalMesenchymaln%n%n%Positive66.4%5053.2%3840.4%0.0103Negative1616.0%6161.0%2323.0%

3.7. Expression of MTA1 in different phenotypes of CTCs {#sec0018}
-------------------------------------------------------

The expression of MTA1 in CTCs from the osteosarcoma patients was measured using RNA-ISH. The results demonstrated that MTA1 was expressed in 72.5% of CTCs. Further analysis indicated that the rates of MTA1 expression in the different phenotypes of CTC were significantly different: 56.6% in epithelial CTCs, 68.8% in biphenotypic (epithelial/mesenchymal) CTCs and 85.5% in mesenchymal CTCs. Overall, the proportion of cells with positive expression of MTA1 was higher in mesenchymal CTCs than in the other two phenotypes ([Table 5](#tbl0005){ref-type="table"}, *p*=\<0.0001).Table 5Ratios of positive MTA1 expression in different phenotypic CTCs (Chi-square test).Table 5Phenotype of CTCsThe number of CTCsPositive expression of MTA1Negative expression of MTA1*P* valueNn%n%Epithelial CTCs764356.6%3343.4%\<0.0001Mesenchymal CTCs20017185.5%2914.5%Biphenotypic epithelial/mesenchymal CTCs36825368.8%11531.2%

3.8. MTA1 gene expression levels in osteosarcoma tissues {#sec0019}
--------------------------------------------------------

MTA1 gene expression levels in the osteosarcoma tissue of patients was evaluated by immunohistochemistry then correlated with their clinical characteristics. Notably, MTA1 expression was found to be higher in the osteosarcoma tissues of metastatic patients compared to those with localized tumors, thereby indicating that MTA1 is related to osteosarcoma metastasis ([Fig. 4](#fig0004){ref-type="fig"}, [Table 6](#tbl0006){ref-type="table"}).Fig. 4Representative photomicrographs of IHC staining for MTA1 in osteosarcoma samples of the enrolled patients. Intensity and percentage scores define the final evaluation score (0--7) of MTA1 expression. (A) ---/0--1; (B) +/2--3; (C) ++/4--5; (D) +++/6--7.Fig 4Table 6Relationship between MTA1 expression and clinical characteristics (Fisher\'s exact test).Table 6CharacteristicsLow expressionHigh expression*p* value*Nn*%*n*%Gender1 Male17529.4%1270.6% Female13430.8%969.2%Age1 \<1822731.8%1568.2% ≧188225.0%675.0%Ennecking stage0.0289 Ⅱ21942.9%1257.1% Ⅲ9009100%Metastasis at diagnosis0.0289 Negative21942.9%1257.1% Positive9009100%Response to neoadjuvant0.6662 Positive21628.6%1571.4% Negative9333.3%666.6%

3.9. Efficiency of tumor cell recovery {#sec0020}
--------------------------------------

To verify enrichment efficiency, peripheral blood (5 mL) of healthy donors was spiked with HOS cells (0--100) then the CanPatrol™ system used to evaluate enrichment. The experiments were repeated 5 times for each spiked HOS cell number. The results demonstrated that the enrichment process was linear (*R*^2^ = 0.998) ([Fig. 5](#fig0005){ref-type="fig"}), with a mean recovery of 89% at each dilution of cells.Fig. 5Calibration curve obtained using the CanPatrol™ system in the spiking experiment (*n* = 5) with HOS cells at different dilutions.Fig 5

4. Discussion {#sec0021}
=============

Osteosarcoma is the most prevalent form of malignant bone tumor. Pulmonary metastasis is the principal cause of mortality in patients with osteosarcoma, therefore, identification of metastasis-related factors involved in the process is critical for defining an efficacious therapy [@bib0004], [@bib0005], [@bib0006]. Currently, osteosarcoma is staged by anatomical characteristics which do not include molecular or cytological factors and hence we cannot accurately understand the existence of the tumor state. The detection of pulmonary metastasis generally relies on the examination of images such as those from X-rays, computed tomography (CT), positron emission tomography (PET)-CT or magnetic resonance imaging (MRI), and detection of minimal lesions at an early stage are not trivial when using these methodologies. Several molecular markers have been investigated as diagnostic and prognostic markers for osteosarcoma [@bib0036]. However, the majority of currently available markers are derived from the primary tumor which may not reveal information about the cells that are responsible for metastasis. CTCs are tumor cells that are shed from primary or metastatic tumors which circulate in the blood stream. They may lead to a new metastatic lesion and this is a major reason for tumor-related death. In recent years, CTCs have been evaluated as a new diagnostic and prognostic tool for various types of solid tumor [@bib0037], [@bib0038], [@bib0039]. With the development of multidisciplinary studies including materials science, biology, medicine and oncology, the detection technologies of CTCs have developed rapidly [@bib0040]. In this study, we have assessed a method for enriching CTCs based on the principle of separation by osteosarcoma cell size, with subsequent multiplex RNA-*in situ* hybridization (RNA-ISH) for the identification of specific markers, including CD45, EpCAM, CKs, twist and vimentin. CTCs are classified as epithelial, mesenchymal or biphenotypic (epithelial/mesenchymal) by virtue of their specific markers described above. The results of the spiking experiment demonstrated that the CanPatrol™ system could efficiently enrich osteosarcoma cells from peripheral blood. In previous studies, the CTC count has been reported to correlate with tumor metastasis and prognosis in a number of types of tumor [@bib0011], [@bib0041]. In this study, the results revealed that a significantly greater number of CTCs were detected in metastatic patients than in localized osteosarcoma patients at initial diagnosis (*p* = 0.0025). The results also demonstrated that the variation in CTC count was related to the patients' response to neoadjuvant chemotherapy (*p* = 0.0016). The CTC count decreased significantly after chemotherapy in patients where a positive response to neoadjuvant chemotherapy was observed, demonstrating that variation in CTC count could be a supplementary means of evaluating the effect of neoadjuvant chemotherapy. Moreover, post-surgical CTC count could assist in predicting prognosis. Our results suggest that a cut-off of 7 CTCs per 5.0 mL after surgery could be adopted to distinguish a favorable or unfavorable prognosis. Patients with \<7 CTCs per 5.0 mL of peripheral blood had a longer PFS than those with ≧7 CTCs (*p* = 0.0116).

In addition to validating the significance of CTC count in osteosarcoma, the study suggested that the molecular characteristics of CTCs are also expected to represent diagnostic and prognostic markers. Epithelial to mesenchymal transition (EMT) is a biological process by which epithelial cells lose cell polarity, increase motility and gain invasive properties to become mesenchymal [@bib0042]. Multiple studies have demonstrated that EMT enables tumor cells gain invasive properties and metastatic growth characteristics in numerous types of solid tumor including osteosarcoma \[[@bib0043],[@bib0044]\]. The major event in EMT is the loss of epithelial markers and the increase in expression of mesenchymal markers, including twist and vimentin \[[@bib0045],[@bib0046]\]. In this study, we found that the proportion of mesenchymal CTCs in metastatic patients was significantly higher than in localized patients, suggesting that mesenchymal CTCs may perform an important role in the metastasis of osteosarcoma, which may correlate with EMT in CTCs (*p* = 0.0103). To exemplify this, we measured MTA1 expression in each CTC. Previous studies have shown that MTA1 is associated with EMT during metastasis \[[@bib0047],[@bib0048]\]. In this study, MTA1 expression was detected both in CTCs and in osteosarcoma tissue by RNA-ISH and immunohistochemistry, respectively. The results indicated that the expression of MTA1 in mesenchymal CTCs was significantly higher than in other phenotypes (*p*\<0.0001). In addition, the expression of MTA1 in tumor tissues from metastatic patients was significantly higher than from localized patients (*p* = 0.0289), a finding similar to that in the published literature. Therefore, we believe that a high expression of MTA1 and EMT in CTCs are associated with osteosarcoma metastasis. It is noteworthy that we detected epithelial CTCs from the osteosarcoma patients, which would not be generally expected for a cancer of a mesenchymal tissue. We hypothesize that this could be related to mesenchymal to epithelial transition (MET), the inverse of EMT. However, this hypothesis requires further validation.

In conclusion, the present study demonstrated that circulating tumor cells can be utilized as a novel diagnostic and prognostic biomarker in osteosarcoma. However, there are limitations to the immediate clinical applicability. Firstly, due to the relatively small sample size from a single center, further studies are required with a greater number of patients from multiple centers to validate our conclusions. Secondly, follow-up time should also be extended to determine the relationship between CTC number and overall survival (OS). In addition, patient blood samples were only collected at baseline, pre- and post-surgery. Future studies should focus on collecting blood samples at several time points through the course of therapy, such as both before and after each cycle of chemotherapy to determine how the number and phenotype of CTCs change over time and in response to each chemotherapy cycle.
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